We present a method for measuring the physical parameters of the coldest T-type brown dwarfs using low resolution near infrared spectra. By comparing H 2 O-and H 2 -sensitive spectral ratios between empirical data and theoretical atmosphere models, and calibrating these ratios to measurements for the well-characterized 2-5 Gyr companion brown dwarf Gliese 570D, we derive estimates of the effective temperatures and surface gravities for 13 mid-and late-type field T dwarfs. We also deduce the first quantitative estimate of subsolar metallicity for the peculiar T dwarf 2MASS 0937+2931. Derived temperatures are consistent with prior estimates based on parallax and bolometric luminosity measurements, and examination of possible systematic effects indicate that the results are robust. Two recently discovered late-type T dwarfs, 2MASS 0939−2448 and 2MASS 1114−2618, both appear to be 50 K cooler than the latest-type T dwarf, 2MASS 0415-0935, and are potentially the coldest and least luminous brown dwarfs currently known. We find that, in general, higher surface gravity T dwarfs have lower effective temperatures and luminosities for a given spectral type, explaining previously observed scatter in the T ef f /spectral type relation for these objects. Masses, radii and ages are estimated for the T dwarfs in our sample using the evolutionary models of Burrows et al.; we also determine masses and radii independently for eight T dwarfs with measured luminosities. These two determinations are largely consistent, lending support to the validity of evolutionary models at late ages. Our method is well suited to large samples of faint brown dwarfs, and can ultimately be used to directly measure the substellar mass function and formation history in the Galaxy.
INTRODUCTION
The spectral energy distributions of the coldest known stars and brown dwarfs, L dwarfs and T dwarfs Burgasser et al. 2002b; Geballe et al. 2002) , are complex, dominated by broad, overlapping gaseous and condensate molecular absorption features. The strengths of these features depend on a combination of photospheric temperature, gas pressure and composition (e.g., Burrows & Sharp 1999; Lodders & Fegley 2002 ), which in turn are related to the effective temperature (T ef f ), surface gravity (g) and metallicity ([M/H]) of a brown dwarf. Nonequilibrium effects (e.g., vertical mixing, cloud coverage) may also play an important role in molecular (Fegley & Lodders 1996; Saumon et al. 2003 ) and condensate (Ackerman & Marley 2001; Burgasser et al. 2002a) abundances. The combined influence of these pa-rameters on the spectra of L and T dwarfs is only beginning to be explored through the study of low mass, substellar objects in young clusters and stellar associations (Lucas et al. 2001; Gorlova et al. 2003; McGovern et al. 2004 ) and ultracool subdwarfs (Burgasser et al. 2003a; , although systematic studies have yet to be achieved.
Disentangling the properties of T ef f , surface gravity and metallicity is a principal goal of substellar astrophysics. These parameters can be used to infer masses, radii and ages for individual sources (e.g., Mohanty, Jaywardhana & Basri 2004) , allowing, in the long term, direct measurement of the substellar mass function (MF) and star formation history for field objects in the Solar Neighborhood (Chabrier 2003; Allen et al. 2005) . In the short term, T ef f , g and [M/H] measurements for young cluster or companion brown dwarfs enable tests of evolutionary models (Mohanty et al. 2004a) .
Gravity and metallicity effects are particularly relevant for interpreting the spectral energy distributions of the coldest T dwarfs, spectral types T6 and later. These objects, with T ef f 1000 K (Golimowski et al. 2004) , lack the complicating influence of photospheric condensates common in late-type M dwarfs, L dwarfs and the earliest-type T dwarfs (Tsuji, Ohnaka, & Aoki 1996; Ackerman & Marley 2001; Allard et al. 2001) . They exhibit good correlation between spectral type and T ef f (Dahn et al. 2002; Tinney, Burgasser, & Kirkpatrick 2003; Golimowski et al. 2004; Nakajima et al. 2004; Vrba et al. 2004) . Surface gravity and metallicity effects are therefore readily distinguished by the presence of spectral or photometric anomalies. One case in point is the peculiar T6 dwarf 2MASS 0937+2931 2 ), a brown dwarf believed to have a high surface gravity and/or subsolar metallicity (Burgasser et al. , 2003b Burrows et al. 2002; Knapp et al. 2004 ). 2MASS 0937+2931 is 0.5-1.0 mag bluer than similarly-classified T dwarfs; and its spectrum exhibits a suppressed K-band peak, an extremely red 0.8-1.0 µm spectral slope, enhanced FeH absorption at 0.99 µm, and an absence of K I doublet lines at 1.17 and 1.25 µm, all unusual for a mid-type T dwarf. Several other late-type T dwarfs exhibit similar color and spectral peculiarities Burgasser et al. 2004b ; Knapp et al. 2004 ). However, quantitative analysis of these effects, in the form of specific surface gravity and metallicity measurements, has been limited (Burrows et al. 2002; Knapp et al. 2004) .
In this article, we present a method for disentangling T ef f , g and [M/H] effects in the near infrared spectra of the latest-type T dwarfs. Our method, based on the comparison of calibrated near infrared flux ratios measured on low resolution spectral data and theoretical models, yields strong constraints on these physical parameters and a means of estimating masses, radii and ages for individual field brown dwarfs. In § 2 we describe the sample and spectroscopic observations obtained with the SpeX spectrograph mounted on the 3m NASA Infrared Telescope Facility (IRTF). We identify and compare spectral variations observed in these low resolution near infrared spectra, and discuss qualitatively how these features are associated with differences in T ef f , g and [M/H]. In § 3, we examine these same effects with theoretical models, and characterize spectral trends. In § 4, we describe our method, and present T ef f and log g estimates for 13 field brown dwarfs and constraints for two others; we also deduce subsolar metallicity estimates for two sources including 2MASS 0937+2931. We demonstrate the consistency of our T ef f values with previous determinations based on parallax and luminosity measurements, and examine potential systematic effects. In § 5, we derive mass, radius and age estimates for our T dwarfs using the evolutionary models of Burrows et al. (1997) ; and independently determine masses and radii for eight sources with published luminosity measurements. We discuss the results in § 6, focusing on new insights on the T ef f /spectral type relation for T dwarfs and potential applications of 2 Source designations in this article are abbreviated in the manner 2MASS hhmm±ddmm; the suffix is the sexagesimal Right Ascension (hours and minutes) and declination (degrees and arcminutes) at J2000 equinox. Full designations are provided in Table 1. our method for various brown dwarf studies. Results are summarized in § 7.
OBSERVATIONS
2.1. The Sample Our primary spectral sample was composed of 16 T dwarfs identified by Strauss et al. (1999) ; Burgasser et al. (1999 Burgasser et al. ( , 2002b Burgasser et al. ( , 2004b ; Tsvetanov et al. (2000) ; Geballe et al. (2002) ; ; Knapp et al. (2004); in the Two Micron All Sky Survey (Cutri et al. 2003, hereafter 2MASS) and the Sloan Digital Sky Survey (York et al. 2000, hereafter SDSS) . The empirical properties of these sources are listed in Table 1 . The sample was selected to span types T5.5 to T8, based on the unified classification scheme of Burgasser et al. (2005) , and excludes known binaries (Burgasser et al. 2003c, Burgasser et al. in prep.) .
Eight of these objects have parallax measurements from Dahn et al. (2002) ; Tinney, Burgasser, & Kirkpatrick (2003); ; all but one has a reported proper motion. Apparent 2MASS J-band magnitudes for these sources range from 14.7 to 16.3 mag.
Near Infrared Spectroscopy
Six of the T dwarfs in our sample -2MASS 0034+0523, 2MASS 0243-2453, 2MASS 0415-0935, 2MASS 1231+0847, Gliese 570D and 2MASS 2228-4310 -have been previously observed with SpeX ). The remaining sources were observed during three runs on March 11-12, 2004 July 23 and 2004 September 7 (UT). A log of observations is provided in Table 2 . Conditions during the March run were clear and dry with typical seeing of 0.
′′ 7. Conditions during July were also clear with excellent seeing (0.
′′ 4-0. ′′ 7). Light cirrus was present during the September observations, but seeing was again excellent (0.
′′ 5-0. ′′ 7). Spectral data for all of the sources in our sample (including those previously observed) were obtained using the SpeX prism dispersed mode, which provides low resolution 0.7-2.5 µm spectra in a single order. This setting minimizes spectral color errors commonly incurred through order stitching (e.g., McLean et al. 2003) , yielding an accurate measure of the broad band spectral energy distribution. For all observations, the 0.
′′ 5 slit was employed and rotated to the parallactic angle, resulting in a spectral resolution λ/∆λ ≈ 150 and dispersion across the chip of 20-30Å pixel −1 . Multiple exposures of 180 s were obtained in an ABBA dither pattern along the slit. Flux calibration was made through observations of nearby A0 V stars obtained immediately before or after the target observation and at similar airmasses (∆ sec z < 0.1). Internal flat field and Ar arc lamps were observed after each flux calibrator star for pixel response and wavelength calibration. All spectral data were reduced using the SpeXtool package version 3.2 Cushing, Vacca, & Rayner 2004 ) using standard settings. Further details on the experimental design and data reduction are given in Burgasser et al. (2004b) .
The reduced spectra of the newly observed T dwarfs are shown in Figure 1 . Readily apparent are the deep molecular bands of H 2 O and CH 4 that shape the 1.05 (Y -band), 1.27 (J-band), 1.6 (H-band) and 2.1 µm (K-band) flux peaks, the defining features of T dwarf near infrared spectra. The spectra are also shaped by the pressure-broadened red wings of the 0.77 µm K I doublet shortward of 1 µm and collision-induced H 2 absorption at K-band, both of which are discussed in detail below. Finer atomic line features, including the 1.17 and 1.25 µm K I doublets, are unresolved in these data. Further discussion on the spectral characteristics of T dwarfs can be found in Burgasser et al. (2002b Burgasser et al. ( , 2003b ; Geballe et al. (2002); McLean et al. (2003) ; Knapp et al. (2004) ; Nakajima et al. (2004) ; Cushing, Rayner, & Vacca (2005); .
Spectral Signatures of Surface Gravity and
Metallicity Variations in the near infrared spectral features of T dwarfs are generally synchronized with spectral typelater subtypes exhibit both stronger H 2 O and CH 4 bands and bluer near infrared colors. However, slight deviations to these trends exist, and are apparent when one compares sources with similar spectral types, as in Figure 2 . Displayed in the left panel of this figure are the normalized spectra of three T6/T6.5 dwarfs, 2MASS 0937+2931, SDSS 1346−0031 and 2MASS 2228−4310, overlain on that of the T6 spectral standard SDSS 1624+0029 . While H 2 O and CH 4 bands are similar among these spectra, clear differences are seen in the relative brightness of the Kband flux peak and the shape of the Y -band peak. In particular, 2MASS 0937+2931 exhibits weaker K-band emission and a broader Y -band flux peak as compared to SDSS 1624+0029, while 2MASS 2228−4310 has stronger K-band emission. Similar deviations are also seen among the three T7.5/T8 dwarfs 2MASS 0939−2448, 2MASS 1114−2618 and 2MASS 1217−0311 when compared to the similarly classified Gliese 570D.
What gives rise to these deviations? Shortward of the Y -band spectral peak, the dominant absorbers in T dwarf spectra are the pressure-broadened wings of the K I and Na I fundamental doublet lines centered at 0.77 and 0.59 µm, respectively (Tsuji, Ohnaka, & Aoki 1999; Burrows, Marley, & Sharp 2000; Allard et al. 2003; Burrows & Volobuyev 2003) .
These features strengthen with later spectral type throughout the L and T dwarf sequences Reid et al. 2000; Burgasser et al. 2003b ). The broad wings of the alkali lines, induced by kinematic perturbations by other chemical species (most importantly H 2 and He), are enhanced in higher pressure (P ) and higher density atmospheres. As atmospheric pressure scales as dP/dτ ∼ P/τ ∝ g/κ R (where τ is the optical depth and κ R the Rosseland mean opacity), higher pressure photospheres (τ = 2/3) are achieved in brown dwarfs with higher surface gravities and/or metal-deficient atmospheres (reduced κ R ). For these sources, line broadening theory Burrows & Volobuyev 2003) predicts the strongest absorption close to the line centers, resulting in steep 0.8-1.0 µm spectral slopes due to red wing of the K I doublet.
The K-band peak, while molded by H 2 O and CH 4 bands at 1.8 and 2.2 µm, is dominated by another pressure-sensitive feature, collision-induced H 2 absorption (Linsky 1969; Saumon et al. 1994; Borysow, Jørgensen, & Zheng 1997) . The induced 1-0 quadrupolar moment of this molecule produces a broad, featureless absorption centered near 2.1 µm. Like the K I wings, H 2 absorption arises from kinematic perturbations and is therefore enhanced in the higher pressure and higher density atmospheres present on high surface gravity and/or low metallicity brown dwarfs.
While deviations in the strengths of the K I and H 2 features have previously been linked to gravity and metallicity variations in T dwarfs (Burgasser et al. , 2003b Burrows et al. 2002; Leggett et al. 2003; Knapp et al. 2004) , Figure 2 demonstrates that these features are correlated.
The steeper K I wings and enhanced H 2 absorption exhibited in the spectra of 2MASS 0937+2931, 2MASS 0939−2448 and 2MASS 1114−2618 are both indicative of higher pressure photospheres; while the weaker H 2 absorption in the spectra of 2MASS 2228−4310 and 2MASS 1217−0311 indicate low pressure photospheres.
In contrast, the congruence of the CH 4 and H 2 O bands for similarly classified T dwarfs suggests that gravity and metallicity effects for these features are minimal. The observed correlation between T ef f and spectral type, the latter based on the strengths of the molecular bands, links H 2 O and CH 4 to temperature. However, gas pressure does regulate the atmospheric abundance of CH 4 and H 2 O in the principle reaction CO + 3H 2 ⇋ CH 4 + H 2 O (Fegley & Lodders 1996; Burrows & Sharp 1999) , while metallicity modulates both CH 4 and H 2 O abundances (Lodders & Fegley 2002) . Hence, nearly all of the major absorption features in T dwarf spectra are affected in some manner by T ef f , g and [M/H].
SPECTRAL MODELS
To further investigate the physical origins of the spectral peculiarities described above, we have examined a new suite of brown dwarf spectral models that incorporate differences in T ef f , surface gravity and metallicity.
The models, developed by the Tucson group (Burrows, Marley, & Sharp 2000; Burrows et al. 2002; Burrows, Sudarsky & Lunine 2003; Burrows, Sudarsky & Hubeny 2005) , are self-consistent, non-gray atmospheres incorporating up-to-date molecular opacities as described in Burrows et al. (2001) . The atmospheres are assumed to be free of condensate dust species, consistent with prior modelling results (Tsuji, Ohnaka, & Aoki 1999; Allard et al. 2001) , following the prescription of condensate rainout as described in Burrows & Sharp (1999 , see also Lodders 1999 . Modified Lorentzian profiles with an ad-hoc, smooth cutoff are used to model the line broadening of the Na I and K I doublets (Burrows, Marley, & Sharp 2000) . Nonequilibrium mixing effects (Saumon et al. 2003) are not considered. A full description of these models is given in Burrows et al. (2002) . Figure 3 compares three sequences of these spectral models varying T ef f , g and [M/H], respectively. The spectral resolution of the models has been degraded using a Gaussian kernel to match the resolution of the SpeX prism data. There is general agreement in the overall spectral morphologies of the models and observed data; however, important discrepancies are present. Most prominent of these is the shape of the 1.6 µm CH 4 band, reflecting continued deficiencies in the near infrared opacities of this molecule for which only low temperature (300 K) laboratory measurements have been obtained (Saumon et al. 2000; however, see Homeier et al. 2003) . These opacities also detrimentally affect absorption features at 1.1 and 1.3 µm, although bands at 2.2 and 3.3 µm have been found to be adequately reproduced (M. Cushing, 2005, priv. comm.) . In addition, the line-broadening theory employed by these models predates more recent calculations by Burrows & Volobuyev (2003) , which predict a sharper cutoff for the red K I wing at 1.0 µm, in contrast to the modified Lorentzian profile used here which is relatively flat over the 0.9-1.0 µm waveband. As a result, alkali opacity at shorter wavelengths in the models is reduced (note the stronger 0.92 µm H 2 O as compared to the data) while the 1.05 µm Y -band peak is more suppressed in the models than observed.
The top panel of Figure 3 shows temperature variations for solar metallicity and log g = 5.0 cm s −2 models. The trends in this sequence reflect those observed in T dwarf spectra as a function of spectral type; i.e., strengthening H 2 O and CH 4 bands producing more acute triangular flux peaks, and stronger absorption shortward of 1 µm and at K-band. The increasing depths of the molecular bands with cooler effective temperatures is largely a consequence of the increased column depth, and therefore total opacity, of the associated gas species.
The middle panel compares surface gravity variations in the T ef f = 800 K, solar metallicity models. Here, spectral variations are strongest at the Y -and K-band flux peaks, although H 2 O and CH 4 absorptions at 1.1 and 1.3 µm, and the H-band peak, are also affected. The Kband peak is suppressed in higher surface gravity models, consistent with the enhanced H 2 absorption expected in higher pressure photospheres. On the other hand, surface gravity variations at the Y -band peak do not match the observed trends. The highest surface gravity model exhibits reduced 1.05 µm flux relative to 1.27 µm, contrary to the brighter and broadened Y -band peaks seen in the empirical data. We attribute this discrepancy to the outdated alkali line broadening profile employed in these models, and leave analysis of this feature to a future study.
The similarity of surface gravity modulations of the K-band flux peak in the theoretical models to variations in the spectral data shown in Figure 2 is highlighted in Figure 4 , which shows a similar sequence of T6/T6.5 and T7.5/T8 dwarfs but overlain on the T ef f = 1000 and 800 K solar metallicity models, respectively. Inequities in the 1.6 µm CH 4 band notwithstanding, the spectral models reproduce reasonably well the relative variations observed in the K-band flux peaks, although both 2MASS 0937+2931 and 2MASS 0939-2448 exhibit stronger K-band suppression than the highest surface gravities permitted by the models.
The bottom panel of Figure 3 compares metallicity effects at fixed surface gravity (log g = 5.5) and temperature (T ef f = 800 K) for [M/H] = 0, −0.5 and −1. The higher surface gravity examined here is appropriate for old brown dwarf members of the metal-poor Galactic thick disk and halo populations. Spectral variations are far more extreme in this case. The K-band peak is suppressed at lower metallicities, as expected for enhanced H 2 absorption. At the same time, emergent flux appears to be relatively enhanced shortward of 1 µm, due to reduced Na and K abundances and their corresponding opacities. The specific shape of the spectrum at these wavelengths should be treated with caution, however, given the older line broadening theory used in the models. Shifts in the J-and H-band peak wavelengths are due to reduced H 2 O abundances and increased collision-induced H 2 absorption extending into the H-band. Overall, these spectral variations are more substantial than those seen in the empirical data, a sign that significant subsolar metallicities ([M/H] −0.5) are not present among the T dwarfs examined here. However, the broadened Y -band peaks and strong K-band suppression in the spectra of 2MASS 0937+2931, 2MASS 0939−2448 and 2MASS 1114−2618 do hint at slightly subsolar metallicities for these sources.
MEASURING PHYSICAL PROPERTIES FROM T DWARF SPECTRA

The Method
The spectral models confirm that the pressure-sensitive H 2 and K I absorptions are more strongly influenced by surface gravity effects than the absorption bands of H 2 O and CH 4 , while the latter vary more strongly with T ef f , at least for the temperature regime considered here. By contrasting the strengths of these features, it should be possible in principle to extract the effective temperatures and surface gravities of these objects. In practice, this pursuit has proven problematic due to persistent inadequacies in molecular opacities and corresponding systematic errors in the models (e.g., Burgasser et al. 2004a) . What is required is a means of calibrating the spectral models using one or more empirical fiducials.
Fortunately, such a fiducial exists in the T dwarf Gliese 570D . This widely-separated (ρ = 258 ′′ = 1530 AU), common proper motion brown dwarf companion to the nearby (5.91±0.06 pc; ESA 1997) Gliese 570ABC system has both distance and luminosity measurements that are empirically well constrained. The age of this system is estimated to be 2-5 Gyr based on a comparison of age, activity and kinematic relations for the K and M stellar components Geballe et al. 2001) . The K4 V primary has a near-solar metallicity ([Fe/H] = 0.00-0.16; Feltzing & Gustafsson 1998; Thoren & Feltzing 2000; Allende Prieto & Lambert 2000) . Assuming coevality, Gliese 570D is one of the few T dwarfs with both age and metallicity constraints. Geballe et al. (2001) derive fairly precise temperature (T ef f = 784-824 K) and surface gravity (g = (1-2)×10 5 cm s −2 ) estimates, the former based on the measured luminosity and a model-dependent radius, the latter based on brown dwarf evolutionary models (Burrows et al. 1997) .
Using Gliese 570D as our empirical fiducial, our procedure was then as follows. The strengths of the major H 2 O bands and relative fluxes of the spectral peaks were measured for both the empirical data sample and theoretical models using the following ratios:
and
where F λ1−λ2 denotes the integrated flux between wavelengths λ 1 and λ 2 (in microns). The first two ratios are identical to those defined for the near infrared classification of T dwarfs; the spectral region sampled by these is shown in Figure 5 of Burgasser et al. (2005, note that ratios sampling the poorly modelled CH 4 bands are not considered here). The K/J ratio has also been used previously to examine variations in H 2 absorption . The Y /J and K/H color ratios are defined here for first time. Measurements of these ratios on the empirical data are given in Table 3 . A series of H 2 O−J and K/H ratios for the solar metallicity models are shown in Figure 5 . Both ratios vary according to differences in T ef f and log g, although gravity variations are stronger in the K/H color ratio. Gravity variations also affect the two ratios in opposite ways; higher gravity models yield large H 2 O−J values (implying weaker absorption) and smaller K/H values (implying weaker K-band emission). Similar trends are seen with the H 2 O−H and K/J ratios, respectively. All of these trends are consistent with the qualitative properties of the model spectra shown in Figure 3 . Calibration of the model ratios was achieved by correcting these values to those measured from the SpeX spectrum of Gliese 570D. Adopting T ef f = 800 K and log g = 5.1 for this source, we computed the corresponding model ratios by linear interpolation. Correction factors, listed at the bottom of Table 3 , were defined as the ratio of the spectral data measurement to the model value. For four of the ratios, model values differ by less than 20%; the H 2 O−H index, on the other hand, requires a 60% correction. The correction factors were applied to all of the solar metallicity model ratios, regardless of T ef f or gravity, and therefore represents a first order calibration of the models.
In principle, any of the ratios defined in Eqns. 1-5 could be used for comparison to the spectral data. We restrict our primary analysis to the H 2 O−J index, which requires a smaller correction factor than H 2 O−H; and the K/H index, which gives a quantitative measure of the behavior demonstrated in Figure 4 . The corrected model ratios were resampled in steps of 20 K in T ef f and 0.1 dex in log g by linear interpolation. Then, for each spectrum, we identified the region in T ef f and log g phase space for which the corrected model ratios agreed with the empirical ratios, assuming a 10% uncertainty (see § 4.3).
Figures 6 and 7 illustrate these matches. The H 2 O−J and K/H ratios each constrain a set of T ef f and log g values that span the model parameter space diagonally; e.g., agreement in the H 2 O−J ratios span low temperatures and high surface gravities to high temperatures and low surface gravities. The K/H ratios match an orthogonal phase space. The intersection of these phase spaces provides an unambiguous constraint on both T ef f and log g. Table 4 lists the ranges of T ef f and log g constrained by the two ratios for each source in our sample. For 13 of the 16 sources (including Gliese 570D), these values are well defined, with typical uncertainties of 40-60 K in T ef f and 0.1-0.3 dex in log g. For three of the T dwarfs, 2MASS 0937+2931, 2MASS 0939−2448 and 2MASS 1114−2618, no phase space intersection was found. The case of 2MASS 0937+2931 is discussed in further detail below. For 2MASS 0939−2448 and 2MASS 1114−2618, close examination of Figures 6 and 7 suggests that phase space intersections are possible at lower T ef f s than those spanned by our model set; i.e., for T ef f 700 K. This is intriguing, since we derive T ef f = 740-760 K for the T8 2MASS 0415−0935, currently the coldest and lowest luminosity brown dwarf known Golimowski et al. 2004; Vrba et al. 2004) . Parallax measurements can determine whether 2MASS 0939−2448 and 2MASS 1114−2618 are in fact colder and fainter brown dwarfs.
Results
T ef f and g Estimates
Are these temperatures and surface gravities reasonable? Eight of the T dwarfs in our sample have prior T ef f determinations from Golimowski et al. (2004) and Vrba et al. (2004) based on parallax and bolometric luminosity (L) measurements; these values are listed in Table 4 . In all eight cases, our derived T ef f s are consistent. This agreement may have much to do with the large T ef f estimate ranges from Golimowski et al. (2004) and Vrba et al. (2004) , as high as 300 K, due to uncertainties in the radii adopted to compute T ef f from L. Our T ef f estimates are typically in the middle or high end of the ranges from these studies. The only surface gravity estimates for field T dwarfs reported to date are those of Knapp et al. (2004) , based on a comparison of near infrared colors to atmosphere models by Marley et al. (2002) . In this case, we find that our estimates are systematically 0.3-0.5 dex higher than the Knapp et al. values. As the latter are stated without uncertainties, we simply point out this discrepancy for further study.
A Subsolar Metallicity for 2MASS 0937+2931
The parameter spaces for 2MASS 0937+2931 do not intersect in Figure 6 , but it appears that they would if higher surface gravities were modelled. However, surface gravities larger than log g = 5.5 are restricted by the interior physics (Burrows et al. 1997 ). An alternate hypothesis is that the spectrum is influenced by a third parameter, namely metallicity.
We can quantitatively test this case by introducing metallicity variations into the model set. Applying the same corrections to the model ratios as above (i.e., assuming Gliese 570D has [M/H] = 0), linearly interpolating between the [M/H] = 0 and [M/H] = −0.5 models in 0.1 dex steps for 700 ≤ T ef f ≤ 1200 K and 5.0 ≤ log g ≤ 5.5, and performing the same comparative analysis, we derive the series of parameter phase spaces (effectively slices of a three dimensional parameter phase volume) shown in Figure 8 . We find that, for the case of 2MASS 0937+2931, the phase spaces intersect for metal- 5.5 . Lower metallicities may also be feasible at lower surface gravities. One other source in our sample, 2MASS 0034+0523, also exhibits intersecting parameter spaces for slightly subsolar metallicities, −0.2 ≤ [M/H] ≤ 0. This object has also been noted for its strong Kband suppression .
Our analysis represents the first quantitative constraints of metallicity for a brown dwarf, and are consistent with prior qualitative conclusions. However, the derived values should be treated with caution for reasons other than the fidelity of the theoretical models. Constraining the three parameters T ef f , g and [M/H] cannot be done unambiguously using only two spectral ratios; at least one additional constraint is required. A promising candidate is the Y /J ratio, as the metal-poor models shown in Figure 5 exhibit significant variations at these short wavelengths. We defer more thorough examination of this third index until such time as the current generation of spectral models incorporate a more rigorous line broadening theory.
Assessing Systematic Effects
While the T ef f and log g estimates made here are reasonable and generally consistent with prior work, it is important to identify and characterize any source of systematic error that may skew the results. Such systematic effects can arise from the calibration or quality of the spectral data, the choice and calibration of the spectral ratios used and limitations of the spectral models themselves. We examine these effects here in detail.
4.3.1. Flux Calibration of the Spectral Data Accurate measurement of color ratios such as K/H assumes that the spectral data portrays the true color of the source, which brings into question possible reddening of the observed spectrum and the accuracy of the overall flux calibration. Interstellar reddening can generally be ruled out for our sample as all of the sources lie at distances of ∼20 pc or less. A more local source of reddening, differential color refraction through our atmosphere, has been mitigated by observing the sources with the slit aligned at the parallactic angle. We therefore assume that both of these effects are negligible.
Systematic errors incurred in the flux calibration can be quantified by comparing spectrophotometric colors for the data to published photometry. We examined (Table 1) . Spectrophotometric colors were determined by integrating the appropriate filter profile (combined with telescope and instrumental optical response curves for 2MASS photometry; see § III.1.b.i in Cutri et al. 2003) over the near infrared spectra of each T dwarf and that of the A0 V star Vega (Bergeron, Wesemael, & Beauchamp 1995 , see also Stephens & Leggett 2003 . We found no systematic differences for any of the photometric and spectrophotometric colors on both systems, and typical deviations were 5% or less for the more accurate MKO photometry. For those few sources with color offsets significantly greater than their photometric uncertainties (2MASS 0243−2453, 2MASS 0727+1710 and SDSS 1758+4633 have 3σ deviations in MKO J −K), differences were at most 15%. Hence, we conclude that the 10% uncertainties adopted for the color ratios adequately compensates for uncertainties in the flux calibration.
4.3.2. Spectral Noise Molecular band ratios are generally insensitive to color errors in the overall spectrum, but deep absorption bands can be affected by spectral noise. This is manifested by variations in the measured flux at the bottom of the bands where signal-to-noise (S/N) is minimal. To explore the impact of this effect, we performed a Monte Carlo experiment, measuring the H 2 O−J ratio on the combined spectrum of Gliese 570D plus a Gaussian noise component scaled to S/N = 10-200 at the J-band peak. A total of 10 000 trials were run over a uniform range of S/N. We found no systematic deviations in the H 2 O−J ratios for S/N 10, but scatter among the values increased in the noisier spectra, approaching 10% for S/N = 40. All of our spectra have S/N 50 at the J-band peak with the exception of SDSS 1110+0116, which has S/N ≈ 20. Hence, we find that our adopted 10% uncertainties for the measured H 2 O ratios incorporate noise effects sufficiently, although derived values for SDSS 1110+0116 may be more uncertain.
Choice of Spectral ratios
The use of the H 2 O−J and K/H ratios in our analysis above was justified by the sensitivity of these ratios to T ef f and g variations in the models, the magnitude of the calibration correction required and the fidelity of the models in these spectral regions. However, we can also consider how the results change if a different set of ratios are employed. We repeated our analysis with four pairings among the H 2 O−J, H 2 O−H, K/H and K/J ratios. Again, we found no significant or systematic differences in the derived T ef f and log g values amongst our sample, although parameters for individual sources differed by as much as 160 K and 0.6 dex, respectively. Typical deviations were of order 65 K in T ef f and 0.15 dex in log g, which we adopt as estimates of systematic uncertainty.
Calibration of the Spectral ratios
The calibration of the spectral ratios hinges largely on the assumed physical properties for our calibrator source Gliese 570D. But how sensitive are the results to these adopted parameters? By varying the assumed T ef f and log g for Gliese 570D by ±25 K and ±0.1 dex, respectively, consistent with the range of values found by Geballe et al. (2001) , we found mean offsets of ±35 K and ±0.1 dex in the derived parameters for the field sources. These offsets were independent; changing the adopted T ef f of Gliese 570D had no impact on the derived surface gravities, and vice versa. Hence, we estimate that additional systematic uncertainties of 35 K and 0.1 dex in T ef f and log g, respectively, accommodate uncertainties in the physical parameters of our comparison source.
Choice of Spectral Models
Many of the potential systematic effects involving the choice and calibration of the spectral ratios would be eliminated if the models accurately reproduced the observed spectra. As limitations in the opacities prevent this, we must also consider how dependent our results are on the choice of spectral models used. We therefore repeated our analysis using the COND models of Allard et al. (2001) . Calibration of the spectral ratios was performed in the same manner as with the Tucson models, yielding somewhat different correction values. While deviations typically of order 50 K and 0.1 dex were found when comparing derived T ef f and log g between the model sets, these deviations were not systematic. Hence, we conclude that the choice of spectral model does not systematically change our results.
In summary, we find no systematic deviations in our method that would lead to skewed estimates of T ef f and log g, although systematic uncertainties of order 50-100 K and 0.1-0.25 dex may be present.
MASS, RADIUS AND AGE ESTIMATES
Evolutionary Models
According to brown dwarf evolutionary theory, the temperature and surface gravity of a brown dwarf at a given time is directly related to its mass and age assuming a given composition 3 . This implies that if T ef f and g are known, estimates for the latter, more fundamental physical properties could be derived on an individual basis. This is demonstrated graphically in Figure 9 , which compares the derived T ef f and log g values for 14 of our sources (excluding 2MASS 0939−2448 and 2MASS 1114−2618) to solar metallicity evolutionary models from Burrows et al. (1997) . Table 5 lists the range of masses and ages, and the corresponding radii, derived from this comparison. Our sample appears to span a broad range of masses (0.02-0.07 M ⊙ ) and ages (<1-10 Gyr), consistent with a random sample drawn from the local Galactic environment. At late ages, brown dwarf radii are fairly constant, so mass and surface gravity are almost directly related. Hence, our lowest (highest) surface gravity objects are also the least (most) massive and youngest (oldest). Note in particular the placement of 2MASS 0937+2931, which appears to be the most massive and oldest in the sample. On the other hand, our analysis suggests that the low surface gravity T dwarfs SDSS 1758+4633 and 2MASS 2228−4310 may have masses less than 0.03 M ⊙ and ages less than 1 Gyr.
How reliable are these estimates? An independent check of the derived ages can be made by examining the kinematics of our sample. Three dimensional space velocities have not yet been measured for the T dwarfs examined here; a rough analysis can be made, however, by examining their tangential velocities, V tan . Of the 14 sources in our sample with age estimates, 13 have proper motion measurements and eight have parallax measurements. For 2MASS 0034+0523, 2MASS 0050−3322, 2MASS 1231+0847 and 2MASS 2228−4310 we adopted spectrophotometric distance estimates 3 We ignore for this discussion metallicity effects in the evolution of a brown dwarf, in addition to other variations related to rotation, magnetic activity, accretion or binary interaction that can also modulate the observed parameters and evolution of a brown dwarf.
from and Tinney et al. (2005) ; a distance for SDSS 1110+0116 was estimated using absolute MKO M J and M K magnitude/spectral type relations from Golimowski et al. (2004) . Dividing the 13 T dwarfs into those with mean estimated ages less than 2 Gyr (young) and older than 2 Gyr (old), we computed the mean ( V tan ) and standard deviation (σ Vtan ) for each age group. For the young sources, V tan = 38 km s −1 and σ Vtan = 20 km s −1 , while for the old sources V tan = 51 km s −1 and σ Vtan = 31 km s −1 . The larger mean motion and greater scatter in velocities for the latter group is consistent with an older mean age. However, a rigorous examination of the three dimensional velocities is required before a conclusive assessment can be made.
Independent Mass and Radius Estimates
The masses and ages of the objects in our sample as derived from the evolutionary models appear to be reasonable and consistent with their overall properties. However, these values must be considered with caution as they are susceptible to systematic errors in both the atmosphere and interior models. Disagreements in mass and radius estimates between these two types of models have been suggested in a few young systems (Mohanty, Jaywardhana & Basri 2004b; Close et al. 2005 , however, see Luhman, Stauffer & Mamajek 2005 , and such systematic deviations may be present at late ages as well. Fortunately, masses and radii can be determined independently of the evolutionary models for those brown dwarfs with bolometric luminosity measurements, as follows.
The surface gravity of a solid body, g = GM/R 2 , is applicable for brown dwarf photospheres since the vertical scaleheight of this region (a few km; Griffith & Yelle 1999) is insignificant compared to the radius of the brown dwarf itself (∼0.1 R ⊙ ≡ 6.95×10 4 km). Combining this with the definition of T ef f , L = 4πR 2 σT 4 ef f , yields
These equations rely only on the T ef f and g values obtained from the spectral models and the measured luminosities, and not on any evolutionary model (c.f., Luminosities for field brown dwarfs have been compiled by a number of studies (Geballe et al. 2001; Dahn et al. 2002; Nakajima et al. 2004; Cushing, Rayner, & Vacca 2005 ); here we focus on the results of Golimowski et al. (2004) and Vrba et al. (2004) . Seven of the T dwarfs in our sample have luminosity determinations from these studies; Golimowski et al. also adopt the T ef f and log g determinations of Gliese 570D from Geballe et al. (2001) . The corresponding masses and radii derived from Eqns. 6 and 7, and listed in Table 5 , generally agree with those derived from the evolutionary models. Figure 10 shows a comparison of mass and radius values derived from the Vrba et al. luminosities to the Burrows et al. (1997) , derived values lie between the 1 and 10 Gyr isochrones, as expected for a Galactic disk sample. More importantly, features in the theoretical brown dwarf mass-radius relationship are reproduced, including the radius minimum of 0.08 R ⊙ for larger masses and the trend toward larger radii for lower mass brown dwarfs (Burrows et al. 1997; Chabrier & Baraffe 2000) . These agreements are promising, and suggest that brown dwarf evolutionary tracks are robust at late ages.
Are these values truly independent of the evolutionary models? Not entirely, since the T ef f and log g determinations hinge on the adopted values for Gliese 570D, which themselves are partly dependent on the evolutionary models. T ef f was derived for this source by Geballe et al. (2001) using the integrated observed flux (over 0.83-2.52 µm), a bolometric correction determined from spectral models (but consistent with more recent empirical determinations; Golimowski et al. 2004 ), the measured parallax of the Gliese 570 system, and a radius adopted from evolutionary models. In the last case, the radii of brown dwarfs at the age of Gliese 570D are predicted to be roughly constant, varying by less than 20% for masses of 0.02-0.07 M ⊙ ; are determined by well-understood interior physics; and have been empirically tested at the low-mass end with transiting extrasolar planets (e.g., Burrows et al. (2004) ). Hence, T ef f for Gliese 570D can be considered to be empirically robust. Its surface gravity, on the other hand, was derived solely from evolutionary theory. However, given the largely constant radii of old brown dwarfs (R ≈ 0.1 R ⊙ ), and assuming a mass in the brown dwarf range (0.02-0.07 M ⊙ ) yields log g = 4.7 − 5.3 cm s −2 , consistent with the adopted model-dependent value. Hence, the adopted T ef f and log g for Gliese 570D are only weakly tied to evolutionary models, so that the derived parameters for other T dwarfs can provide, at mimimum, semiempirical tests of these models.
Two of the objects in our sample, 2MASS 0415−0935 and 2MASS 0937+2931, are worth additional comment as their luminosities from Golimowski et al. (2004) and Vrba et al. (2004) are significantly discrepant. As a result, Eqns. 6 and 7 yield very different masses and radii for these sources. Golimowski et al. determined luminosities for individual brown dwarfs by integrating the total measured flux over 0.8-5.0 microns (for those sources with measured M -band photometry), assuming a Rayleigh-Jeans tail for longer wavelengths (with corrections for molecular absorption between 4 and 15 µm), and using measured parallaxes. Vrba et al. apply a bolometric correction as a function of spectral type (computed by Golimowski et al.) to absolute K-band magnitudes. For 2MASS 0415−0935, the slight differences 4 The large radius derived for SDSS 1346−0031 could arise if the source is an unresolved binary, although systematic effects cannot be ruled out.
between these methods yields a lower luminosity from Golimowski et al. (by a factor of 3.5), resulting in a similar mass but a much smaller radius (0.083±0.003 R ⊙ ) than that derived from the Vrba et al. measure (0.092±0.004 R ⊙ ). The former estimate is outside of the Burrows et al. (1997) model parameter space. Similarly, Golimowski et al. deduce a higher luminosity for 2MASS 0937+2931 than Vrba et al., and the corresponding mass (0.118±0.018 M ⊙ ) and radius (0.114±0.008 R ⊙ ) are well outside of the parameter space encompassed by the evolutionary models. In both cases, the Vrba et al. luminosities yield values consistent with the models. This is intriguing, since both 2MASS 0415−0935 and 2MASS 0937+2931 have measured M -band photometry, and the corresponding luminosities from Golimowski et al. are expected to be more accurate. These deviations may indicate systematic errors in the luminosity determinations of either Golimowski et al. or Vrba et al., or in our T ef f and surface gravity estimates. This is not entirely unexpected for the apparently metal-poor T dwarf 2MASS 0937+2931. However, in order to assess the origin of these deviations, and whether they actually indicate problems in the evolutionary models, the number and quality of luminosity measurements for low temperature T dwarfs must clearly be improved.
6. DISCUSSION 6.1. The Temperature Scale of Late-type T Dwarfs Disentangling the parameters T ef f and g for T dwarf spectra enables a more refined examination of the T ef f /spectral type relation for these objects, a useful function for constraining atmospheric properties as well as distance estimation. Typically, these relations are tied to luminosity measurements and an assumed radius, or range of radii for sources with unknown ages (Dahn et al. 2002; Tinney, Burgasser, & Kirkpatrick 2003; Golimowski et al. 2004; Vrba et al. 2004) . Studies have shown that late-type T dwarfs with identical spectral types can exhibit significant differences in their estimated T ef f s. We formally recognize this as the additional influence of surface gravity. Figure 11 compares the derived T ef f s for the sources in our sample to their spectral types. Objects with low and moderate surface gravities, log g ≤ 5.1, exhibit a tight trend of decreasing T ef f with increasing spectral type, largely consistent with the Golimowski et al. (2004) T ef f /spectral type relation. Higher surface gravity objects, in particular 2MASS 0034+0523 and 2MASS 0937+2931, have T ef f s that are 150-250 K cooler for their spectral types. This behavior can be understood by the interplay between T ef f and g on the major H 2 O bands, the depths of which determine in part T spectral types. T dwarfs with higher surface gravities have weaker H 2 O bands, and hence earlier spectral types, at a given T ef f ; consequently, they would appear to have lower T ef f s for a given spectral type. This gravity trend is also present when comparing luminosities, as the oldest, most massive brown dwarfs (which have the highest surface gravities) can have radii that are 10-15% smaller than 1-3 Gyr brown dwarfs (Burrows et al. 1997) . Coupled with 10-20% lower T ef f s, old brown dwarfs can be up to three times fainter than their younger field counterparts. This is precisely the deviation Vrba et al. (2004) finds in the luminosity of 2MASS 0937+2931 as com-pared to other T6 dwarfs (Golimowski et al. 2004 find a somewhat smaller deviation). Hence, luminosity and/or T ef f measurements for a consistently classified sample could provide a means of segregating young and old systems.
Improving Temperature and Surface Gravity
Determinations The method outlined here is in some sense a response to the current limitations of the spectral models. As the models improve in accuracy, direct spectral comparisons should eventually be sufficient to determine the physical parameters of field brown dwarfs. On the other hand, our spectral index comparison method could also be improved by using additional empirical calibrators such as Gliese 570D. Additional calibrators would enable higher order corrections to the model ratios, reducing systematic effects. Such empirical constraints can be taken one step further: a sufficiently sampled parameter space of calibrator sources could enable the determination of T ef f and g values independent of the spectral models. To do this, several more companion brown dwarfs with independent age and metallicity determinations, and/or binary (particularly eclipsing) systems with measured orbital parameters, are required. While Gliese 570D is currently the only such calibrator source in the late T dwarf regime, three closely-separated late-type T dwarf binaries have been identified for which mass measurements are feasible (Burgasser et al. 2003c, Burgasser et al. in prep.) ; and one T dwarf binary, Epsilon Indi Bab (Scholz et al. 2003; McCaughrean et al. 2004 ) is also a companion to a nearby 0.8-2 Gyr K5 V star. There are also several ongoing searches for wide brown dwarf companions to nearby and young stars (e.g., Chauvin et al. 2004 Chauvin et al. , 2005 Neuhäuser et al. 2005 ). Identification of several such calibration stars would provide an empirical ladder for determining the physical properties of field brown dwarfs, and a critical test for both spectral and evolutionary models.
Can we also extend this technique to earlier spectral types; e.g., L dwarfs and early-type T dwarfs? In these regimes, spectral energy distributions are strongly affected by photospheric condensates, giving rise to what many consider to be a fourth "dust" parameter (e.g., f sed in Ackerman & Marley (2001) and Marley et al. (2002) ; T cr in Tsuji (2005) ; a 0 in Burrows, Sudarsky & Hubeny (2005) ) which may vary with the photospheric gas properties or other secondary effects, such as rotation. In principle, the method outlined here could be extended into the L and early T dwarf regime by incorporating this fourth parameter, employing suitable dust cloud models and enlarging the sample of empirical calibration stars. In practice, this approach may prove more difficult as brown dwarf cloud formation remains a poorly understood process (e.g., Helling et al. 2004) . Nevertheless, T ef f , g and dust content determinations would be particularly useful for understanding the unusual transition where L and T dwarfs when photospheric dust is rapidly depleted (Dahn et al. 2002; Burgasser et al. 2002a; Knapp et al. 2004 ).
Applications of the Method
The ability to determine masses and ages for individual brown dwarfs is clearly a boon to statistical studies of these objects, particularly the Galactic substellar MF and formation history. Constraints on these fundamental relations have largely been statistical in nature because of the difficulty in determining masses and ages for field sources (Reid et al. 1999; Chabrier 2003; Allen et al. 2005 ). Using the method described here, both distributions can be built up directly from individual sources in a sample, assuming that careful consideration is made of selection effects. While current samples of late-type T dwarfs are too small for a robust analysis of this kind Knapp et al. 2004) , searches for cold brown dwarfs from wide and deep near infrared surveys such as the UKIRT Infrared Deep Sky Survey 5 (Warren 2002 ) may make MF and age distribution measurements feasible in the near future.
In the more immediate term, T ef f and g measurements, and corresponding mass and age estimates, are useful for identifying and characterizing young, low mass objects in young star forming regions. According to current evolutionary models, T dwarfs with ages 10 Myr can have masses of only a few Jupiter masses (M Jup ). Several young cluster brown dwarf candidates have been identified in recent years, including the latetype T dwarf S Orionis 70 (Zapatero Osorio et al. 2002; Martín & Zapatero Osorio 2003) . Direct comparison of spectral data to theoretical models have suggested a very low surface gravity for this source, log g ≈ 3.5 − 4.0, indicative of a young, very low mass (∼3 M Jup ) brown dwarf which has not yet fully contracted. However, such direct spectral comparison has been shown to be flawed for late T spectral types in general (Burgasser et al. 2004a) . A calibrated spectral ratio comparison could provide a more robust assessment of the physical properties of this and other low mass candidates, and verify their cluster membership. Furthermore, with luminosity measurements, independent determinations of mass and age would provide semiempirical constraints on the evolutionary models from which mass estimates are currently derived. Such independent assessments are necessary to validate the existence of so-called "planetarymass" brown dwarfs in these young star forming regions.
SUMMARY
We have devised a method for measuring the effective temperatures and surface gravities for the lowest luminosity T-type brown dwarfs, by the comparison of calibrated spectral ratios measured on low resolution near infrared spectral data and theoretical models. Using this method, we have derived T ef f and g estimates for 14 T5.5-T8 field brown dwarfs, and a subsolar metallicity estimate for the peculiar T dwarf 2MASS 0937+2931. Two other sources in our sample, 2MASS 0939−2448 and 2MASS 1114−2618, appear to have T ef f 700 K, and are potentially the coldest brown dwarfs currently known. We find no evidence of systematic effects in our method, and the agreement of our T ef f determinations with prior studies suggests that our results are robust. We also find that the scatter observed in T ef f /spectral type relations likely arises from surface gravity effects, as higher surface gravity objects have a lower T ef f at a given spectral type. Masses, radii and ages are derived for objects in our sample using the Burrows et al. (1997) evolutionary models, while independent mass and radius determinations are made for eight T dwarfs with luminosity measurements. Broad agreement between these values suggests that current brown dwarf evolutionary models are accurate at late ages, although this must be verified through improved luminosity determinations.
The comparative technique described here is a useful tool for determining the physical properties of the lowestluminosity brown dwarfs, making efficient use of low resolution, and therefore more sensitive, spectroscopy. As such, it is a promising method for characterizing large samples arising from deep surveys, enabling a direct determination of the Galactic substellar MF and formation history. While our method remains tied to the current generation of spectral models, susceptible to persistent opacity deficiencies, the increased use of fiducial calibrators will ultimately enable a wholly empirical approach, allowing critical tests of atmospheric and evolutionary theories in addition to the characterization of individual brown dwarfs in the vicinity of the Sun.
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Facilities: IRTF: SpeX. -Derived T ef f s for objects in our sample as a function of near infrared spectral type. Sources have been segregated into those with low and moderate surface gravities (log g ≤ 5.1; filled circles) and those with high surface gravities (log g > 5.1; open circles). The low and moderate surface gravity objects form a tighter trend than the full sample, as traced by the Golimowski et al. (2004) T ef f /spectral type relation (solid line; dashed lines delineate ±124 K uncertainty in the relation); higher surface gravity objects tend to have lower T ef f s at a given spectral type. a Scale factors applied to model ratios to bring them into agreement with measurements for Gliese 570D assuming T ef f = 800 K and log g = 5.1; See § 4.1. 
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